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ABSTRACT
In the near future, extremely-large ground-based telescopes may conduct some of the first searches
for life beyond the solar system. High-spectral resolution observations of reflected light from nearby
exoplanetary atmospheres could be used to search for the biosignature oxygen. However, while Earth’s
abundant O2 is photosynthetic, early ocean loss may also produce high atmospheric O2 via water vapor
photolysis and subsequent hydrogen escape. To explore how to use spectra to discriminate between
these two oxygen sources, we generate high-resolution line-by-line synthetic spectra of both a habitable
Earth-like, and post-ocean-loss Proxima Centauri b. We examine the strength and profile of four bands
of O2 from 0.63 to 1.27 µm, and quantify their relative detectability. We find that 10 bar O2 post-ocean-
loss atmospheres have strong suppression of oxygen bands, and especially the 1.27µum band. This
suppression is due to additional strong, broad O2-O2 collisionally-induced absorption (CIA) generated
in these more massive O2 atmospheres, which is not present for the smaller amounts of oxygen generated
by photosynthesis. Consequently, any detection of the 1.27µm band in reflected light indicates lower
Earth-like O2 levels, which suggests a likely photosynthetic origin. However, the 0.69 µm O2 band is
relatively unaffected by O2-O2 CIA, and the presence of an ocean-loss high-O2 atmosphere could be
inferred via detection of a strong 0.69 µm O2 band, and a weaker or undetected 1.27 µm band. These
results provide a strategy for observing and interpreting O2 in exoplanet atmospheres, that could be
considered by future ground-based telescopes.
Keywords: planets and satellites: atmospheres – planets and satellites: individual (Proxima Centauri
b) – planets and satellites: terrestrial planets – techniques: spectroscopic
1. INTRODUCTION
The search for life beyond the Solar System will
enter a new phase over the next decade, with near-
term attempts to characterize M dwarf terrestrial ex-
oplanet atmospheres using the James Webb Space Tele-
scope and extremely large telescopes on the ground.
One of the most promising techniques to search for
O2 in exoplanet atmospheres is high-resolution spec-
troscopy with ground-based telescopes (Snellen et al.
2013, 2015; Rodler & Lo´pez-Morales 2014; Hawker &
Parry 2019; Lo´pez-Morales et al. 2019). In the near
future, instruments such as the Near Infrared Spectro-
graph (Lee et al. 2010) and the G-CLEF spectrograph
(Szentgyorgyi et al. 2016) on the Great Magellanic Tele-
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scope (GMT), HIRES on the Extremely Large Tele-
scope (Marconi et al. 2016), or HROS and NIRES on
the Thirty Meter Telescope (TMT) (Froning et al. 2006)
will enable high-resolution spectroscopy of terrestrial ex-
oplanets. O2 may be one of the most readily detectable
biosignature gases to search for, because it is produced
by photosynthesis, and can accumulate to high abun-
dance in planetary atmospheres (Meadows 2017; Mead-
ows et al. 2018a).
Near-term terrestrial exoplanet characterization will
focus on M dwarf systems. This is due in part to the
prevalence of M dwarf stars in our galaxy, and the rel-
ative ease with which small planets can be detected
and characterized when orbiting these diminutive stars.
Many of the already detected terrestrial planets orbit M
dwarfs (Anglada-Escude´ et al. 2016; Gillon et al. 2017;
Berta-Thompson et al. 2015; Bonfils, X. et al. 2018;
Dittmann et al. 2017). Based on analysis of Kepler data
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Figure 1. Wavelengths at which O2-O2 collisionally induces
absorption (Karman et al. 2019) in cross sectional units,
versus wavelength. Grey bars indicate O2 bands discussed
throughout the paper.
and considering conservative and optimistic limits for
the habitable zone (HZ), it is estimated that there are
0.16-0.24 Earth-sized (< 1.6R⊕) and 0.12-0.21 super-
Earth sized terrestrial planets per M dwarf HZ (Dressing
& Charbonneau 2015). This shows a clear opportunity
for further study as terrestrial M dwarf planets orbiting
in the habitable zone are likely to be abundant and have
the potential to be habitable.
As noted by Snellen et al. (2015) and Lo´pez-Morales
et al. (2019), high resolution ground based spectroscopy
is particularly well suited to observing Earth-size plan-
ets orbiting M dwarfs due to the favorable planet-to-
star flux contrast ratios. The high-resolution tech-
nique can be used to observe planetary atmospheres in
transmission, for transiting M dwarf planets, or in re-
flected light, for planets that do not transit. The lat-
ter capability is enabled by the orbital motion of the
planet, which allows absorption in reflected light from
the planet’s atmosphere to be separated from absorption
in the Earth’s atmosphere along the telescope’s line of
sight. Being able to study non-transiting planets means
that observationally-accessible targets can be identified
nearer to our solar system, because the probability of
transit is relatively low, meaning that transiting planets
are typically much further from us. The closest known
exoplanet, Proxima Centauri b (Anglada-Escude´ et al.
2016), orbits in the habitable zone of its parent star, but
does not transit, and it is an excellent target for future
high-resolution spectroscopic study (Lovis et al. 2017).
While planets orbiting M dwarfs may be more obser-
vationally favorable, these planets may be subjected to
stellar radiative and gravitational processes that could
adversely impact their potential habitability. Compared
to G dwarf stars like our Sun, M dwarfs are highly active,
with frequent flares, strong stellar winds and other stel-
lar events that could potentially modify the composition
or remove a planetary atmosphere (Segura et al. 2010;
Erkaev et al. 2007; Shields et al. 2016). Furthermore,
due to their proximity to their star, M dwarf planets
may be tidally locked and, if in circular orbits, syn-
chronously rotating (e.g Ribas et al. 2016). However,
if the planets’ orbits are eccentric, they may be subject
to tidal heating due to temporally-varying gravitational
field gradients, that could even drive ocean loss (Barnes
et al. 2013).
However, perhaps the most significant known impact
on the potential for habitability for close-in M dwarf
planets is the luminosity evolution of M dwarf stars.
Early, pre-main-sequence M dwarfs are super-luminous
as they contract slowly down to their main sequence
size and luminosity (Dotter et al. 2008; Baraffe et al.
2015). Planets that form in what will become the main
sequence habitable zone are therefore subjected to very
high luminosities early on. This could lead to a runaway
green house resulting in the vaporization of any sur-
face water (Kleine et al. 2009; Kopparapu et al. 2013).
Photolysis of this water in the upper atmosphere, and
subsequent H escape to space, could leave behind high
amounts ( 1000 bar) of atmospheric oxygen (Chassefie`re
1997; Luger et al. 2015). However, O2 atmospheric loss
processes and surface sinks may reduce this ocean-loss
O2 atmosphere to 10s of bars or less. This oxygen could
mimic biologically-generated oxygen from photosynthe-
sis and represent a false positive for life on a post-ocean-
loss world (Luger et al. 2015; Schwieterman et al. 2016;
Lustig-Yaeger et al. 2019).
Consequently it may be that O2 in M dwarf plane-
tary atmospheres may be a common outcome of their
early evolution, even for planets in what becomes the
main-sequence habitable zone (Luger et al. 2015; Lin-
cowski et al. 2018), and the challenge will be to deter-
mine whether the O2 detected is due to ocean loss, or a
true photosynthetic biosphere. Discrimination between
whether a biotic (Gebauer et al. 2018) or abiotic source
is responsible for an M dwarf planet’s atmospheric oxy-
gen may be possible through examination of other envi-
ronmental features, including other gases in the atmo-
sphere (Domagal-Goldman et al. 2014; Meadows 2017).
These false-positive discriminants have been studied in-
tensively for a variety of different false positive mecha-
nisms for low-resolution spectra. In the ocean loss case,
the high-O2 atmosphere that remains may be of suf-
ficiently high pressure, potentially several bars or more
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Figure 2. Surface albedos used in three atmospheres with gray marker bars indicating oxygen bands examined later. Each model
used a unique albedo representative of potential surface conditions: Ocean Outgassing uses an Earth albedo with vegetation
removed, Ocean Loss uses a Desert Albedo, and Earth-like uses an average Earth albedo.
(Luger et al. 2015; Schaefer et al. 2016), that it produces
O2-O2 collisionally-induced absorption. This absorption
can be quite strong and broad, and for low resolution
spectra, models predict that O2-O2 may be detectable
with the upcoming James Webb Space Telescope, and
would be a strong indicator of past ocean loss (Schwi-
eterman et al. 2016; Lincowski et al. 2018; Lustig-Yaeger
et al. 2019).
However, near-term observations of O2 on extraso-
lar planets in the habitable zone may also be possible
from the ground. Specifically for the closest known ex-
oplanet, Proxima Centauri b, using a combination of
high-contrast imaging and high-resolution spectroscopic
observations in reflected light (Lovis et al. 2017). Al-
though terrestrial O2 may be feasible to observe in the
near-term with high-resolution spectroscopy, very little
work has been done on determining techniques to differ-
entiate between atmospheric O2 generated by a photo-
synthetic biosphere, and O2 due to ocean loss processes.
Here we present simulated high-resolution spectra for
Proxima Centauri b as a self-consistent Earth-like planet
with a photosynthetic biosphere, and as a planet with
a high-O2 atmosphere as the result of ocean loss. We
use these spectra to explore the feasibility of identifying
ocean loss for M dwarf exoplanets, and to develop rec-
ommendations for optimum observing techniques to do
so.
2. METHODS
In this paper, we used a newly-developed model for
high-resolution terrestrial exoplanet spectra, that can
simulate radial velocity shifts, if needed, and uses a so-
phisticated, line-by-line atmospheric radiative transfer
model to simulate the high-resolution spectra of Prox-
ima Centauri b for two primary types of atmospheres:
high oxygen (post-ocean-loss) and self-consistent Earth-
like, where the composition of the atmosphere is deter-
mined from prescribed surface fluxes and photochem-
istry driven by the spectrum of Proxima Centauri b.
2.1. SMART Radiative Transfer Model
To generate these high resolution spectra, we used the
line-by-line Spectral Mapping and Atmospheric Radia-
tive Transfer code (SMART; originally developed by D.
Crisp Meadows & Crisp 1996). SMART was specifi-
cally developed to model solar system terrestrials and
has been validated against several, including Earth and
Venus (Tinetti et al. 2005; Robinson et al. 2011; Ar-
ney et al. 2014). SMART is uniquely well suited for
high-resolution spectral simulation as it has a high na-
tive spectral resolution, which is typically degraded to
lower resolution for other practical applications. Addi-
tionally, SMART is highly flexible to user need with the
ability to choose wavelength ranges and resolution as
well as incorporating inputs including collision-induced
absorption data, spectral surface albedo data, and ver-
tically resolved gas mixing ratios. SMART also uses
Rayleigh coefficents from Young (1980). For the high
oxygen cases, we used O2 Rayleigh scattering instead of
air which is used for the Earth-like case.
This code can also model aerosols such as hazes or
clouds to predict their impact on the spectrum of an
atmosphere. In this paper, we simulate an Earth-like
atmosphere with 50% clear sky and 50% of an equal
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Figure 3. Gas mixing ratios varying with pressure and temperature in the selected atmospheric models of Proxima Centauri
b. Top row, from left to right: 1 bar Earth-like, 10 bar post-ocean-loss. Bottom row: 10 bar ocean outgassing
mixture of cirrus and stratocumulus clouds which are
assumed to be uniformly-spaced around the globe. Be-
cause our models are 1-D and produce globally-averaged
environments and spectra they may not accurately rep-
resent the cloud distribution on synchronously-rotating
planets, which 3D GCM models of 1-bar atmospheres
have suggested may be concentrated near the subsolar
point on these slowly-rotating planets (Del Genio et al.
2019; Yang et al. 2017). In this scenario, cloud reflectiv-
ity from the asymmetric cloud-distribution would have a
strong phase-dependent effect, and the clouds may form
at higher altitudes. However, this is unlikely to impact
the main conclusions of our work, as observations of
the planet would be taken at close to the same phase,
and the strength of the O2-O2 CIA is still significantly
stronger in the 10 bar atmospheres when compared to
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Figure 4. Phase-dependent radial velocity shift of the 0.76
µm oxygen absorption band. For this calculation, we used
accepted values for the barycentric and systemic velocities of
the Proxima Centauri system. Our results agree with Lovis
et al. (2017) in this determination of radial velocity and are
used consistently throughout this paper.Earth’s telluric oxy-
gen lines are overlaid in red. This demonstrates the ability to
separate observations from telluric lines using high-resolution
spectroscopy. Note that observation is optimized for phases
close to quadrature.
Figure 5. Clear separation shown between telluric and ra-
dial velocity shifted lines for Proxima Centauri b. This is one
example of the doppler shift due to the orbital, barycentric,
and systemic radial velocities. Note that some shifted lines
move onto other telluric lines compounding the separation.
the Earth-like 1 bar atmosphere, even in the presence of
100% cloud cover, because the clouds are more likely to
condense near the 4-5 bar level.
2.2. Model Inputs
To generate the absorption coefficients needed by
SMART, we use the Line-By-Line Absorption Co-
efficients code (LBLABC; Meadows & Crisp 1996).
LBLABC uses a specified atmosphere file containing
temperature, pressure and vertical distribution of atmo-
spheric gases. This information is combined with the
molecular line lists provided in HITRAN 2016 (Gor-
don et al. 2017) to calculate rotational-vibrational line
absorption coefficients to use in the radiative transfer
calculations. We used the most recent HITRAN O2-O2
Collisionally Induced Absorption as updated in Karman
et al. (2019). The O2-O2 relative strengths we used can
be seen in Figure 1 .
In this paper, we examine three different modelled at-
mospheres for Proxima Centauri b (PCb) from Meadows
et al. (2018b). The first two simulate different possi-
ble outcomes for a post-ocean-loss abiotic oxygen atmo-
sphere. One such scenario is losing the entire ocean to
space. This results in a completely desiccated planet
with no water vapor and high levels of atmospheric oxy-
gen. This model has no aerosols present in the at-
mosphere. The other option is that the planet expe-
riences significant ocean loss and oxygen buildup, but
does not lose its entire water inventory. In this case the
planet can outgas additional volatiles from its interior
such that it has an ocean and atmospheric water vapor,
along with an oxygen-dominated atmosphere. Both of
these models assume 10 bars of oxygen. The oxygen
outgassing simulation has stratocumulus clouds at 5.4
bars and cirrus clouds at 2.4 bars. The atmosphere is
weighted 50% clear sky, and 25% of each of the cloud
types. The third model atmosphere is an Earth-like
model, primarily shown in this paper for comparison
as a standard for biogenic oxygen. This model uses an
Earth-like atmosphere from Meadows et al. (2018b) that
is photochemically self-consistent with the M dwarf stel-
lar SED and includes 50% cloud cover as described in
2.2. Pressure-temperature profiles and abundances for
these three models can be seen in Figure 3.
These three climate scenarios have different surface
albedo inputs meant to consistently reflect the assumed
surface conditions. The desiccated oxygen world has a
desert albedo, the ocean oxygen planet has a modified
Earth albedo with vegetation removed, and the Earth-
like scenario uses a composite ocean albedo that repro-
duces the modern Earth surface spectrum. These input
surface albedo spectra are shown in Figure 2; see Mead-
ows et al. (2018b) for more details on their composition.
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Figure 6. Comparison of a photochemically self-consistent Earth-like atmosphere with two different 10 bar high-oxygen,
ocean-loss atmospheric models. The vertical grey bars show oxygen bands centered at the labeled wavelengths. All planetary
parameters besides the atmospheric composition and albedo are held constant, so this plot demonstrates self consistent spectral
differences due to planetary conditions and it provides broad-wavelength context for later figures shown at much higher resolution.
Significant differences can be seen between the Earth-like spectrum and the ocean-loss worlds in the relative width of the
molecular absorption bands. Note that these spectra are shown here in full phase for illustrative purposes to highlight absorption.
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Figure 7. Comparison of spectra for a self-consistent Earth-like Proxima Centauri b atmosphere (blue) and an ocean loss 10
bar O2 atmosphere (orange). Demonstrates the suppression of the oxygen absorption in the ocean loss case due to strong O2-O2
collisionally-induced absorption bands
The stellar spectrum used is the Proxima Centauri
spectrum from Meadows et al. (2018b). This spectrum
was created by combining available data and modelling
wavelengths above 30 µm as a black body. For the wave-
length range examined in this paper, data from the HST
Faint Object Spectrograph (up to 0.850 µm) was com-
bined with calculations using the PHOENIX spectral
library v2.0 models in the infrared to generate the stel-
lar spectra. The full stellar spectrum and comparison
to the solar spectrum can be seen in Figure 2 of Mead-
ows et al. (2018b) and is available for download on VPL
website1. Note that the Proxima spectrum used here is
of lower spectral resolution (R ≈ 2000-5000) than the
resulting planetary simulations (R=100,000). However,
this is unlikely to impact our results as we do not cal-
culate noise in these simulations.
1 http://vpl.astro.washington.edu/spectra/stellar/proxcen.htm
2.3. Phase-Dependent Effects
We consider both the radial velocity Doppler shift of
the planet’s reflected spectrum and the phase-dependent
brightness changes as a function of orbital phase. Our
calculation for the Doppler shift combines the systemic
radial velocity of Proxima Centauri, the orbital motion
of Proxima Centauri b, and the shift from Earth’s orbit,
and is based on the calculations in Lovis et al. (2017).
The radial velocity shift enables ground based spec-
trometers to separate telluric lines from observations as
shown in Figure 5. We also calculate how the planet’s
brightness changes as a function of orbital phase by as-
suming it scatters light as a Lambertian sphere (Robin-
son et al. 2016).
Figure 4 shows both Doppler shifted spectral lines and
the Lambertian brightness changes using color contours
of planet flux as a function of wavelength and orbital
phase. The radial velocity shift can be distinguished
relative to the Earth’s telluric lines for the selected spec-
tral bands. The planet peaks in brightness at an orbital
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phase of pi, when there is no orbital radial velocity shift
to the planet’s spectrum. We combine these effects into
a detectability metric in the next section.
2.4. Additional Parameters and Detectability
Calculations
Our spectra are simulated with a spectral resolution
R = 100, 000 to best match the near-future capabilities
for ground based high-resolution spectrometers. They
are modelled for Proxima Centauri b using the best es-
timates for the orbital and planetary radii; 0.0485 AU
and 6850 km respectively (Anglada-Escude´ et al. 2016).
Calculations, comparisons, and plots created use the
planet reflectivity or reflectance, piI/F , where I is the
outgoing top of atmosphere radiance and F is the stellar
flux incident at the top of the atmosphere. This is used
instead of only planetary flux to remove the spectral
contribution of the stellar flux from the planet flux, and
to focus exclusively on features in the planet spectrum
(Meadows et al. 2018b).
To quantify the detectability of individual spectral
bands we use an integration scheme similar to the meth-
ods used to extract exoplanet spectra at high resolution.
This method is based off of that used in Snellen et al.
(2017). We define the band-integrated detectability,
Dλ =
∫ λ1
λ0
|Fp(λ)− F¯p(λ)|dλ (1)
where Fp(λ) is the high resolution planet spectrum,
F¯p(λ) is the low-resolution planet spectrum, and the in-
tegral extends from the molecular band minimum (λ0)
to the band maximum (λ1). In order to get these varying
spectra, we ran SMART at different resolutions. This
formula isolates the absorption features as deviations
from the continuum. This approach captures both the
magnitude and frequency of the lines making up a band
to obtain a quantitative proxy for detectability, and al-
lows multiple bands to be compared.
We also use a similar approach to quantify the de-
tectability of individual molecular bands after taking
into account Earth’s telluric absorption and the phase-
dependent radial velocity Doppler shift of the planet
spectrum. We define the phase-integrated detectability,
Dλ,α =
∫ 2pi
0
∫ λ1
λ0
T⊕(λ)|Fp(λ, α)− F¯p(λ, α)|dλdα (2)
where Fp(λ, α) is the high spectral resolution phase-
dependent planet flux as shown in Figure 4, which
takes into account both the planet’s RV shift and over-
all flux variation, F¯p(λ, α) is the low resolution planet
spectrum, and T⊕(λ) is the Earth’s telluric transmit-
tance at the surface due to atmospheric extinction.
This phase-integrated detectability metric tends to-
wards large values when the observed planet spectrum
is Doppler shifted sufficiently outside the telluric lines.
This calculation incorporates all of the phase shifts, and
may not accurately reflect an actual observing session
that only observes part of the orbit.
3. RESULTS
In Figure 6, we provide plots of the three atmospheres
discussed in Section 2.2 to provide broader wavelength
context for later discussions. The grey bars highlight
oxygen bands centered at 0.63 (γ), 0.69 (B), 0.76 (A),
and 1.27 µm which are examined in depth later. The
10 bar atmospheres show additional absorption and dif-
ferences in continuum throughout. Due to the updated
CIA files used, there are some changes in the Earth-like
planet with some features differing from those originally
presented in Meadows et al. (2018b)
3.1. Initial Band Comparison: Ocean Loss
In Figure 7, we examine the strength of the four oxy-
gen bands for the Earth-like model compared with the
desiccated high oxygen ocean loss scenario.
At the oxygen A band, we see pressure broadened
wings in the high oxygen atmosphere. The continuum
is also decreased and the overall depth and frequency of
the lines is strongly diminished. This is due to O2-O2
collisionally induced absorption (CIA) suppressing the
spectrum. The continuum has shifted in response, mov-
ing from roughly even at 0.25 to a sharp curve from 0.
down to less than 0.05.
The oxygen B band centered at 0.69 µm experiences
less additional absorption than the A band. While the
ocean loss atmosphere is made up of fewer, shallower
lines, they are still relatively similar in magnitude. This
band displays a change in shape, but not as dramatic of
a reduction in magnitude as seen in other bands.
For the band centered at 1.27 µm, the high O2 at-
mosphere has greatly reduced reflectance, again due to
O2-O2 CIA, to the degree that it appears nearly as a flat
line with barely perceptible O2 absorption features on
the bottom side. This is in sharp contrast to the deep,
frequent lines that make up the 1.27 µm O2 band of the
Earth-like atmosphere.
Likewise, for the γ band at 0.63 µm, the high oxygen
atmosphere band is shallower; however to a lower de-
gree. In this case, the approximate shape of the band is
preserved but overall flux is suppressed. This change is
primarily a continuum shift as a result of the different
surface albedos of the two simulations.
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Figure 8. Comparison of 10 bar ocean loss scenario with (orange) and without (grey) the effect of O2-O2 collisions. Demon-
strates the effect of the CIA in suppressing the oxygen absorption bands, especially at 1.27 µm.
3.2. O2-O2 CIA impact on Ocean Loss planet
Figure 8 highlights the powerful effects of O2-O2 col-
lisionally induced absorption mentioned above. These
plots highlight the effect of the O2-O2 CIA in the simu-
lated ocean loss atmosphere by showing spectrum with
and without the O2 CIA. It is apparent from this com-
parison that the O2-O2 CIA is overpowering the struc-
ture of the oxygen absorption, effectively lowering the
continuum, and leaving the band much shallower. This
is particularly the case for the gamma band and the 1.27
µm band. The oxygen A band shows an elevated con-
tinuum without the O2-O2 CIA, but maintains the same
general structure. The oxygen B band appears less af-
fected by CIA. It is clear from these plots that the O2-O2
collisions have a large effect in an ocean loss atmosphere
atmosphere, primarily at 0.63 and 1.27 µm.
3.3. Initial Band Comparison: Ocean outgassing planet
In Figure 9, we show the same four oxygen bands sim-
ulated on an ocean world. This planet is similar to the
previous one examined but has an ocean albedo and out-
gassing, which provides additional molecular absorption,
such as from water vapor. For spectral context, see Fig-
ure 6.
The oxygen A and B bands have similar shapes to the
desiccated spectrum. The continuum is elevated in these
plots because they are located in visible wavelengths and
are heavily affected by the assumed surface albedo.
The 0.63 µm γ ocean outgassing band appears similar
to the ocean loss case. There is an additional small
water vapor feature on the right side but appears mostly
the same. The previous details seen in the ocean loss
planet comparison hold true in this plot: there is O2-O2
suppression accounting for diminished magnitude in the
ocean outgassing scenario.
At the 1.27 µm band, the same large degree of supres-
sion by O2-O2 is shown with minor differences in the
exact reflectance due to other atmospheric gases such as
HF, HCl and H2O present.
3.4. Oxygen Band Detectability
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Figure 9. Highlighted oxygen bands in an ocean outgassing 10 bar O2 atmosphere. This atmosphere also includes water vapor
and other volatiles in limited quantities.
A quantitative comparison of the relative detectabil-
ity in the examined bands can be seen in Figures 10
and 11. We used integrated detectability metrics in this
case as a proxy for band detectability with the high-
resolution cross-correlation technique. See Section 2 for
details about these calculations.
Figure 10 shows a bar plot of the wavelength-
integrated detectability for each oxygen band and for
each atmospheric case considered. The data are pre-
sented in clusters of atmospheres by O2 band. The
green bars represent the Earth-like atmosphere, the or-
ange the ocean loss, and the blue bars are the ocean
outgassing planet. The 1.27 µm has the highest relative
detectability of the four bands for the Earth-like case,
followed by the 0.76 µm band, and further decreases
with decreasing wavelength. However, the detectability
of the 1.27 µm band is suppressed by a factor of ∼200
for both of the high oxygen atmosphere cases compared
to the Earth-like case, due to the stronger O2-O2 CIA
in this band. In the A, B and γ bands, the suppression
is present, but to a smaller degree (2-10× suppressed),
with the B band being the least affected by the high
oxygen atmosphere.
Figure 11 is similar to Figure 10 and shows the phase-
integrated detectability of each oxygen band, for each at-
mospheric case. In this case, we consider how the planet
spectrum Doppler shifts in and out of the telluric band,
and how the planet’s brightness change with phase may
affect the ability to detect the planet’s spectrum relative
to the Earth’s telluric lines. To calculate these values, we
use a barycentric velocity value of 29.8 km/s and a sys-
temic velocity of -21.7 km/s. We also incorporated the
radial component of Proxima Centauri’s orbital velocity.
For the barycentric value we assumed the smallest radial
velocity shift between Earth and the Proxima Centauri
system, which conservatively results in the smallest ra-
dial velocity shift between telluric and planetary lines
in the spectra. This value also corresponds to that used
for previous simulations of high-resolution observations
of Proxima Centauri b (Lovis et al. 2017).Note that the
phases close to full and zero phase will not be able to
be observed but are incorporated into our calculations
here since we are using relative values between types of
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Figure 10. Relative detectability of individual oxygen lines in each band using Equation 1. Green represents an Earth-like
atmosphere, orange a post-ocean-loss atmosphere and blue an ocean outgassing atmosphere. This plot highlights the amount
of suppression caused by O2-O2 collisions at the 1.27 µm band.
Figure 11. Relative phase-dependent detectability using Equation 2 which incorporates Earth telluric lines and the radial
velocity shifted lines. Green represents an Earth-like atmosphere, orange a post-ocean-loss atmosphere and blue an ocean
outgassing atmosphere. This plot highlights that the phase-induced radial velocity shift between telluric and planetary lines
produces a negligible effect on detectability compared to the impact of the much broader o2-o2 suppression.
atmospheres. We find qualitatively and quantitatively
similar results to our wavelength-integrated spectral fil-
tering detectability metric, indicating that Proxima Cen
b’s Doppler shift is sufficient to avoid Earth’s telluric
oxygen lines for all four bands considered.
4. DISCUSSION
Our simulations were performed using a new high-
resolution spectroscopic modeling capability which we
initially applied to an exploration of how best to discrim-
inate between the source of O2 in an exoplanet atmo-
sphere, and identify false positives for O2 using high res-
olution spectroscopy. We found that discriminating the
more Earth-like atmospheres that might be produced
by a photosynthetic biosphere from ocean loss scenar-
ios with remnant high-O2 atmospheres may be possible
by examining the relative strength of the 1.27 µm and
0.69 µm (or 0.79 µm) oxygen bands. In our simulations,
the high-O2 post-ocean-loss atmospheres tended to have
weaker O2 detectability than the Earth-like case at all
wavelengths due to strong O2-O2 CIA over a similar
wavelength range to the O2 bands. This effect is most
pronounced in the 1.27 µm O2
1∆g band—which is sup-
pressed by approximately a factor of 200 for the 10-bar
O2 atmospheres when compared to the 1 bar Earth-like
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atmosphere—and least pronounced in the 0.69 µm O2
B-band, which is suppressed by a factor of 3˜.
The different impact of the O2-O2 CIA on the O2
bands affords a potential, and critical test for the bio-
genicity of the observed O2. Because of the high sup-
pression factor in the presence of very high levels of O2,
the 1.27 µm O2
1∆g band is the most sensitive spectral
indicator for the relatively small amounts of O2 expected
from a biosphere. If the 1.27 µm band is detected, the
atmospheric O2 is more likely to be due to life, and
it is unlikely that a massive O2 atmosphere is present.
In comparison, if the 0.69 µm O2 B-band (or 0.76 µm
A-band) is detected, but the (normally much stronger)
1.27 µm band is not, this would point towards a more
massive atmosphere, with ocean loss as the more likely
source of any O2 detected.
Observing multiple O2 bands for a given target
will be challenging, but likely feasible with upcoming
high-resolution spectrometers planned for ground-based
ELTs, including the potential detection of the 1.27 µm
band (Kawahara et al. 2012). Our results confirm pre-
vious work (Snellen et al. 2013) on the relatively en-
hanced detectability of the 1.27 µm with respect to the
0.76 µm band for this M5.5V host star, although we did
not consider the effect of correlated “red” noise, which
may suppress the detectability of the 1.27 µm band for
transmission spectra (Lo´pez-Morales et al. 2019). Ad-
ditionally, recent work by Serindag & Snellen (2019)
using injection of a simulated Earth-like transmission
spectrum into high-resolution observations of Proxima
Centauri suggests that neglecting correlated noise may
not significantly alter the detectability of the 0.76 µm
band when real stellar data are used. Calculations of
the detectability of the 0.76 µm O2 band in reflected
light observations for spectrometers with spectral reso-
lution up to 5× 105 suggest that these observations are
likely feasible in 10s of hours of observing time (Lovis
et al. 2017; Hawker & Parry 2019).
In the near-term, high-resolution ground-based obser-
vations are therefore likely the best, if not the only, way
to detect biogenic levels of O2. These studies will com-
plement near-term space-based low-resolution observa-
tions of a handful of transiting HZ targets, which will
be more sensitive to signatures of ocean-loss, rather than
photosynthesis. In particular, JWST may be able to use
transmission observations to detect strong absorption
from O2 –O2 CIA in as few as 4-20 transits of the planets
TRAPPIST-1 b-e (Lincowski et al. 2018; Lustig-Yaeger
et al. 2019), if these exoplanets have O2-dominated post-
ocean-loss atmospheres. However, detection of biogenic
levels of O2 on TRAPPIST-1 e would require well over
100 transits, and is likely infeasible with JWST (Lustig-
Yaeger et al. 2019; Wunderlich et al. 2019). While our
simulations show that the O2-O2 CIA suppresses the sig-
nal for ground-based cross-correlation techniques, there
may be future opportunities to explore a positive detec-
tion of the O2-O2 feature in ground-based spectra using
reflected stellar lines to measure wavelength-dependent
albedo differences and potentially trace this broad ab-
sorption.
5. CONCLUSION
In the next decade, ground-based extremely large tele-
scopes will use high-resolution spectrographs to search
for O2 in the atmospheres of terrestrial exoplanets. Dis-
criminating ocean loss planets is a critical step in as-
sessing planetary habitability and determining whether
or not any O2 detected in a planet’s atmosphere is due
to life. We have used self-consistent coupled climate-
photochemical models of an Earth-like planet orbiting
Proxima Centauri and compared this with the spectrum
of planet that has suffered ocean loss and retained a 10-
bar O2 atmosphere. Suppression of the continuum near
oxygen bands as a result of O2-O2 CIA is a key feature
of high-O2 atmospheres. Our results show that any de-
tection of the 1.27µm band in reflected light suggests
that the planet has the lower Earth-like O2 levels that
are more likely to be indicative of photosynthesis. Con-
versely, because the CIA suppression does not have a
strong effect at the 0.69 µm oxygen B band, detection
of the 0.69 µm oxygen B band, or the 0.76 µm A-band,
and a non-detection or strong suppression of the 1.27
µm band would suggest ocean loss as the likely source
of the observed O2.
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